Among other functions, lectins play an important role in the innate immune response of vertebrates and invertebrates by recognizing exposed glycans on the surface of potential pathogens. Despite the typically weak interaction of lectin domains with their carbohydrate ligands, they usually achieve high avidity through oligomeric structures or by the presence of tandem carbohydratebinding domains along the polypeptide. The recently described structure of the fucose-binding European eel agglutinin revealed a novel lectin fold (the "F-type" fold), which is shared with other carbohydrate-binding proteins and apparently unrelated proteins from prokaryotes to vertebrates, and a unique fucose-binding sequence motif. Here we described the biochemical and molecular characterization of a unique fucose-binding lectin (MsaFBP32) isolated from serum of the striped bass (Morone saxatilis), composed of two tandem domains that exhibit the eel carbohydrate recognition sequence motif, which we designate F-type. We also described a novel lectin family ("F-type") constituted by a large number of proteins exhibiting greater multiples of the F-type motif, either tandemly arrayed or in mosaic combinations with other domains, including a putative transmembrane receptor, that suggests an extensive functional diversification of this lectin family. Among the tandem lectins, MsaFBP32 and other tandem binary homologues appear unique in that although their N-terminal domain shows close similarity to the fucose recognition domain of the eel agglutinin, their C-terminal domain exhibits changes that potentially could confer a distinct specificity for fucosylated ligands. In contrast with the amniotes, in which the F-type lectins appear conspicuously absent, the widespread gene duplication in the teleost fish suggests these F-type lectins acquired increasing evolutionary value within this taxon.
Recognition of exposed glycans on the cell surface of potential pathogens by host humoral or cell-associated lectins is considered a key component of the innate immune response of vertebrates and invertebrates (1) (2) (3) (4) . Lectins are generally organized as oligomers of noncovalently bound subunits, each displaying a carbohydrate recognition domain (CRD) 2 that binds to the sugar ligand, usually a nonreducing terminal monosaccharide or oligosaccharide. Although lectin-ligand interactions are relatively weak as compared with other immune recognition molecules, high avidity for the target is achieved by the association of peptide subunits into oligomeric structures in which multiple CRDs interact with ligand simultaneously (5) . In soluble collectins (2) such as the mannose-binding lectin, the subunits possessing a single CRD associate to form a "bouquet"-like oligomer with all CRDs facing a potential target surface. However, in the "cruciform" organization of the conglutinin subunits, the single CRDs are arranged in a manner that can also cross-link multiple targets. A less frequent organizational plan is the presence of tandem CRDs encoded within a polypeptide, such as observed in the macrophage mannose receptor (6) , the immulectins (7), and tandem-type galectins (8) .
Several lectin families representing distinct signature sequence motifs and structural folds such as C-type (9), peptidoglycan recognition proteins (10) , and pentraxins (11) have been implicated in immune surveillance. The recently described F-type lectin fold from the European eel agglutinin (AAA) (12) is widely distributed in proteins from horseshoe crabs to amphibians, with some representatives proposed to play a role in immunity (13, 14) . Although AAA and the rat mannosebinding lectin, a C-type lectin, specifically recognize terminal L-fucose (L-Fuc), they do so through differing binding interactions (15) , which illustrate convergent functional properties among unrelated lectin families. Most surprisingly, the F-type fold is also shared with several proteins of distinct functional properties, including the C-terminal domain of human blood coagulation factors V (16) and VIII (17) , the C-terminal domain of bacterial sialidases (18) , the N-terminal domain of a fungal galactose oxidase (19) , a human ubiquitin ligase subunit (20) , a domain of the single-strand DNA break repair complex (21) , the b1 domain of neuropilin (22) , and the yeast allantoicase (23) . The structural analogy of these seemingly unrelated proteins is indicative of the archaic origin of this lectin fold. Although preliminary searches in the sequence data bases suggest that AAA-like proteins possessing multiple CRDs are phylogenetically widespread, so far none have been characterized biochemically or structurally.
Here we describe the biochemical and molecular characterization of a unique L-Fuc-binding lectin isolated from the serum of the striped bass (Morone saxatilis) that not only shares the CRD sequence motif of AAA but possesses two similar yet distinct CRDs in the polypeptide subunit. In contrast with the N-terminal CRD, which presents the highest similarity to the AAA CRD, the C-CRD presents unique features. This study represents the first characterization of a lectin with tandemly arrayed domains exhibiting the AAA CRD sequence motif, which we propose be named F-type CRD. We also describe a large number of proteins exhibiting this sequence motif, which we propose be desig-nated as the F-type lectin family. Novel domain combinations present in some family representatives suggest extensive functional diversification of the F-type CRD.
EXPERIMENTAL PROCEDURES

Reagents
Carbohydrates (monosaccharides, oligosaccharides, and glycoproteins, at the highest purity available), divinyl sulfone, Sepharose-6B, fish gelatin, and DNA primers were purchased from Sigma. Protein electrophoresis reagents were purchased from Bio-Rad. Restriction enzymes were purchased from New England Biolabs (Beverly, MA). Red blood cells were obtained from the University of Maryland Hospital blood bank or from a commercial source (Immucor, Norcross, GA). EnzyOne 2000 DNA polymerase and dNTPs were purchased from Enzypol and ID Labs (London, Ontario, Canada), respectively. ExTaq DNA polymerase was purchased from PanVera (Madison, WI).
Animals
Striped bass (Morone saxatilis (Walbaum, 1792)) of ϳ2 kg were held in 1.8-and 3.6-m circular tanks within a recirculating water system. Stocking densities did not exceed 38 kg/m 3 . Water salinity was 10 parts/ thousand held at 15°C under a seasonal photoperiod at the Aquaculture Research Center, Center of Marine Biotechnology, Baltimore, MD. Before venipuncture or challenge injections, all animals were anesthetized in 250 ppm 2-phenoxyethanol (J. T. Baker Inc.).
Purification of MsaFBP32
Initial purification was performed from bass liver (200 g). The fresh tissue was minced on a pan chilled on ice and liquefied with 200 ml of chilled Extraction buffer (10 mM Tris-HCl, 100 mM lactose, 25 mM KCl, 0.1 mM phenylmethylsulfonyl fluoride, 2 g/ml aprotinin, 1 g/ml leupeptin, 1 g/ml pepstatin, pH 7.8, 4°C) in a chilled Waring blender for 1 min. After centrifugation at 12,000 ϫ g for 15 min at 4°C, the supernatant was sieved through cheesecloth and stored on wet ice. A second extraction of the pellet with 200 ml of chilled extraction buffer was performed twice and pooled with the first supernatant. To allow lipids to separate, the homogenate was kept on wet ice for 1 h after which floating coalesced lipid droplets were removed with a pipette. The homogenate was clarified by a second centrifugation at 14,000 ϫ g for 1 h at 4°C. All further lectin purification was carried out from serum as follows: peripheral blood (ϳ10 ml/kg) was collected from the caudal vein using an 18-gauge hypodermic needle, and the clot was allowed to retract overnight at 4°C. Serum was separated from the clot by centrifugation. Serum samples from usually four specimens were pooled (40 ml) and dialyzed against 1000 volumes of TBS-Ca (50 mM Tris-HCl, 100 mM NaCl, 10 mM CaCl 2 , pH 7.5, 4°C) with four changes in 24 h. The dialyzed serum was diluted 1:1 in TBS-Ca and passed over a divinyl sulfone-conjugated L-fucose-Sepharose-6B column (1.6 ϫ 2 cm) (24) at 0.4 ml/h and monitored at 280 nm with an UviCord II detector (Amersham Biosciences). The column was washed to base line with TBS-Ca followed by elution with TBS, 30 mM EDTA, washed to base line again, and finally eluted with 200 mM L-fucose in TBS-Ca. Fractions (0.5 ml) containing protein peaks were pooled and concentrated by ultrafiltration in a Centricon 10 (Millipore: Billerica, MA) to a final concentration of ϳ10 mg/ml. All affinity chromatography steps were performed at 4°C. The affinity eluate was subjected to size exclusion chromatography (SEC) at room temperature on a Superose 12 10/30 HR column (Amersham Biosciences) pre-equilibrated with TBS-Ca, connected to a Beckman Gold 126/166 HPLC, at a flow rate of 0.4 ml/min, and the elution monitored at 280 nm. The purified lectin was stored at 4°C.
Analytical Procedures
Protein Determination-Estimates of protein concentration were determined with the Bio-Rad protein assay kit I, using crystalline bovine serum albumin as standard. The microassay format in 96-well flat bottom plates was employed as described by the manufacturer. After 5 min of combining protein and dye, the reactions were read at 595 nm on SpectraMax340 Plate Reader (Molecular Devices, Sunnyvale, CA) controlled by SoftmaxPro software version 1.
Electrophoresis and Isoelectric Focusing Analysis-SDS-PAGE was performed on Laemmli mini-gels using a Hoefer SE250 apparatus (Amersham Biosciences) cooled to 15°C. Denaturing slab isoelectric focusing and measurement of the pH gradient was performed as described previously (25) using a Hoefer SE600 apparatus. Two-dimensional electrophoresis was performed according to the manufacturer using the Hoefer mini-gel system, using the same ampholyte mix as before (one-dimensional), and treating the tube gel with reducing agent prior to resolving on a 12.5% T SDS-PAGE slab (two-dimensional).
Electron Spray Ionization-Mass Spectrometry (ESI-MS)-The mass of MsaFBP32 was analyzed by ESI-MS at the Microchemical and Proteomics Facility at Emory University. The procedure used is as follows. One nanomole of MsaFBP32 was desalted by binding to a C-18 ZipTip (Millipore) and eluted with 2 l of 50% acetonitrile, 0.1% trifluoroacetic acid. Isopropyl alcohol/water (50:50; 5 l) was added to the eluate, and 5 l were used for flow injection analysis on a PE-SCIEX API 3000 triple quadrupole mass spectrometer (Applied Biosystems: Foster City, CA). A Q1 scan was performed with a scan range of 400 -2000 m/z, step size of 0.2 atomic mass units, and a dwell time of 0.8 ms.
Assessment of Protein Glycosylation-The presence of covalently bound carbohydrates on MsaFBP32 was assessed using the digoxigenin glycan detection kit (Roche Applied Science), and 1 g of protein was blotted onto Millipore Immobilon membrane.
Analytical Size Exclusion Chromatography-The molecular weight of the native MsaFBP32 was estimated by SEC using calibration markers of known size as follows: bovine serum albumin (35.5 Å, 67 kDa), ovalbumin (30.5 Å, 43 kDa), chymotrypsinogen A (20.9 Å, 25 kDa), and RNase A (16.4 Å, 13.7 kDa) (Amersham Biosciences). Two sets of calibration protein mixes were prepared in water at empirically determined concentrations to yield peaks of similar height. Set I consisted of bovine serum albumin (7 mg/ml) and chymotrypsinogen A (3 mg/ml). Set II consisted of ovalbumin (7 mg/ml) and RNase A (10 mg/ml). Injecting 200 l of each set separately allowed total peak resolution for each of the marker proteins on the Superose 12 column. The column void volume (V 0 ) and total liquid column volume (V t ) was determined with 200 l of dextran blue 2000 (2 mg/ml) and 5 mg/ml acetone, respectively. The
, where V r is the elution volume of a specific peak), and a plot of K D versus log 10 M r was fitted by a 3rd order polynomial curve (DeltaGraph version 4.1, SPSS Inc., Chicago) to allow the interpolation of molecular weight of the experimental sample.
Chemical Cross-linking-MsaFBP32 was first dialyzed against 2 liters of 100 mM sodium HEPES, pH 7.5, 150 mM NaCl, 10 mM CaCl 2 . The concentration of working solution was adjusted to 35 M (1.13 g/liter based on molecular mass of 32,388 Da), and 5-l aliquots were combined with 5 l (0, 35, 70, 140, 350, 700, and 1,400 M) bis-sulfosuccinimidyl suberate (Pierce) to achieve up to a 20 M excess. The reactions were incubated for 60 min at room temperature and finally diluted 1:1 with double-strength SDS-PAGE (dithiothreitol) sample buffer, heated to 100°C for 5 min, and the full reaction (20 l) loaded on a 10% SDSpolyacrylamide mini-format gel.
Characterization of the Carbohydrate Specificity
Agglutination Assays-Microhemagglutination tests were carried out in bovine serum albumin-blocked, 96-well Terasaki plates (Robbins Scientific: Mountain View, CA) as reported earlier (26) . Briefly, 5 l of a 5 ϫ 10 6 cells/ml suspension of Pronase (Calbiochem-Novabiochem)-treated human type A erythrocytes in TBS-Ca was added to equal volumes of 2-fold dilutions of lectin (MsaFBP32) in TBS-Ca. The plates were gently vortex-mixed for 10 s and incubated at room temperature for 1 h. Agglutination was read under a microscope, and scored from 0 (negative) to ϩ4. The reciprocal of the highest dilution of lectin showing an agglutination score of ϩ1/2 was recorded as the titer. The lectin specific activity is defined as titer/mg of protein/ml. Controls were carried out by adding TBS-Ca instead of lectin.
Agglutination-Inhibition Assays-Carbohydrate binding specificity was determined with the use of the microhemagglutination assay described above. A lectin solution with a titer of 2 agglutination units was prepared in TBS-Ca. All carbohydrates to be tested as inhibitors were dissolved in TBS at concentrations up to 200 mM for mono-and oligosaccharides and 10 mg/ml for polysaccharides and glycoproteins and brought to pH 7.6 with concentrated NaOH. Serial 2-fold dilutions were made of the inhibitors in the same buffer. Inhibition by mono-and oligosaccharides was tested at concentrations from 0.1 to 200 mM. Inhibition by glycoproteins, asialoglycoproteins, and polysaccharides was tested at concentrations up to 10 mg/ml. A volume of 5 l of ligand dilution was added to 5 l of lectin in 96-well Terasaki plates. The mixtures were incubated for 45 min, and 2 l of the erythrocyte suspension (10 7 cells/ml) was added to each well. Controls were the substitutions of the inhibitor solution by TBS and substitution of purified lectin by TBS-Ca. Fifty % inhibition values were interpolated from curve fits (DeltaGraph version 4.1) of plots of percent inhibition versus inhibitor concentration.
Cation Requirements-To test cation requirements for lectin binding, MsaFBP32 (200 l) was dialyzed overnight against 1 liter of 100 mM citrate (pH 6), 10 mM EDTA using three buffer changes. The sample was then dialyzed against TBS to restore neutral pH. A control sample was dialyzed against TBS-Ca in parallel with the experimental sample. To test if calcium concentration had an effect on hemagglutination activity, 5-l samples of MsaFBP32 serially diluted in TBS were incubated with 5 l of 200, 20, 2, 0.2 and 0.02 CaCl 2 or 200 mM EDTA, pH 8, in Terasaki plates. After 30 min of equilibration, 2 l of a Pronase-treated human A red blood cell suspension (10 7 cells/ml) was added to the wells and vortex-mixed gently for 10 s. Agglutination was read as described above.
Preparation of Rabbit Anti-MsaFBP32 Antiserum-An antiMsaFBP32 antiserum was prepared from New Zealand White rabbits by Duncroft (Lovetsville, VA) with an intramuscular injection of 100 g of affinity-purified MsaFBP32 in Freund's complete adjuvant, followed by two boost intradermal injections (50 g of MsaFBP32 in Freund's incomplete adjuvant) administered at days 14 and 28. Antibody titers were determined by enzyme-linked immunosorbent assay following conventional methods (27) . The specificity of the antiserum was assessed by Western blot. For this purpose, the affinity-purified MsaFBP32 or serum were electrotransfered onto polyvinylidene difluoride membranes and blocked with PBS-T (0.05% (v/v) Tween 20), 3% (v/v) fish gelatin for 1 h at room temperature and incubated with antiMsaFBP32 (1:1000 dilution) for 1 h. After three washes with PBS-T, membranes were incubated with goat anti-rabbit IgG-horseradish peroxidase conjugate (1:2000 dilution) (Bio-Rad) in PBS-T, 3% gelatin for 1 h, washed three times with PBS-T, and developed with chloronaphthol (Bio-Rad).
Primary Structure Analyses-N-terminal and internal peptide sequences of MsaFBP32 were determined chemically at the Microchemical and Proteomics Facility, Emory University, Atlanta, GA. MsaFBP32 was cleaved with trypsin and lysyl endopeptidase (E/S ϭ 1:50, w/w, at 30°C, 10 -20 h) in 0.05 M Tris-HCl, 1 M guanidine hydrochloride, pH 8.5. The digests were acidified to pH ϳ2 using 10% trifluoroacetic acid and fractionated on a microbore reverse phase-HPLC system consisting of Applied Biosystems model 140A pumps and model 1000S diode-array detector (2.3-ml flow cell, 0.0025-inch inner diameter tubing). Peptides were purified on either a Zorbax-SB C-18 silica column (0.1 ϫ 15 cm, d p ϳ5 mm, 300-Å pore size; Microtech Scientific, Saratoga, CA) or an Aquapore ODS-300 C-18 silica column (0.1 ϫ 25 cm, d p ϳ7 mm, 300-Å pore size; Applied Biosystems) equilibrated at room temperature in 0.1% aqueous trifluoroacetic acid, and eluted at flow rates of 50 -80 l/min using linear gradients of acetonitrile/water/ trifluoroacetic acid (80:20:0.1, v/v). The column effluent was monitored at 215 nm, and the UV absorption spectra of the absorbing material were determined, and the eluate was manually collected and stored at Ϫ20°C prior to further analysis. Rechromatography of some fractions in the second reverse phase-HPLC elution solvent system consisting of 2-propanol/acetonitrile/water/trifluoroacetic acid (70:20:10:0.1, v/v) was required prior to sequencing. Automated Edman degradation of the intact protein and selected peptides (28) was performed on an Applied Biosystems model pulsed-liquid 477A/120A sequencing system. The phenylthiohydantoin-derivatives were separated and identified as described previously (29) .
cDNA Cloning and Sequence Analysis-Reverse transcription from 5 g of liver total RNA was performed using SuperScript II (Invitrogen) and oligo(dT 17 ), according to the manufacturer's protocol. Degenerate primers, with 5Ј adapter extension ends, were designed based on the N-terminal and internal peptide amino acid sequence of MsaFBP32 accounting for codon frequencies of M. saxatilis. The resulting primers, FntermD (5Ј-dCAAAGCTTTAYAACTAYAARAACGTNGC-3Ј), Rv3083D (5Ј-dTCGAATTCGTNACGATRTANGGCTC-3Ј), and Rv437bD (5Ј-dTCGAATTCACCTCNACCTCRCA-3Ј), were used for PCR amplification according to protocol described previously (30) using an MJ Research DNA Engine PTC-200 (Waltham, MA). Amplified fragments were agarose gel-purified and cloned into the pGEMTeasy vector (Promega, Madison, WI) for sequencing. The cDNA sequence was completed using the Marathon RACE kit (Clontech) with internal gene-specific primers 3083anti (5Ј-dGATGGAGGTGAC-GATGTAGGGCTC-3Ј) for the 5Ј-RACE and 3083sense (5Ј-dAGC-CCTACATCGTCACCTCCATC-3Ј) for the 3Ј-RACE. Clones were sequenced from both directions using dye termination reactions and analyzed on an Applied Biosystems model 373 stretch sequencer. Contig assembly was performed with Sequencer version 3.1 (Gene Codes, Ann Arbor, MI). Calculations of theoretical molecular weight and pI from the deduced amino acid sequence were performed with ProtParam (www.expasy.ch).
Homology Modeling-The putative tertiary structure of each CRD from MsaFBP32 was modeled using the crystallographic structure of AAA as template. The polypeptide sequence of each CRD was aligned to the AAA template structure (Protein Data Bank accession code 1K12) using DeepView 3.5 and the model optimized by the SwissModel server using default settings (31). The models were rendered using WinMegaPOV version 0.7 (megapov.inetart.net/).
Gene Organization-An M. saxatilis genomic DNA bacteriophage library produced in FixII (Stratagene, La Jolla, CA) was screened by conventional plaque lift hybridization (32) on Hybond Nϩ nylon membranes (Amersham Biosciences) using a 480-bp MsaFBP32 cDNA probe produced by PCR amplification with primers FBP469.F (5Ј-dGT-TACGTGACTGTGCTTCTACCTGG-3Ј) and FBP949.R (5Ј-dA-CAGGGTCAGGTACTCTTCTCTTCC-3Ј). The amplified DNA was purified and labeled to high specific activity by random prime labeling using RediPrime II and Redivue [␣-32 P]dCTP (Amersham Biosciences). Hybridization was performed in 0.5 M NaHPO 4 pH 7.2, 7% (w/v) SDS at 65°C in a circulating air oven overnight. Membranes were washed twice in 0.1ϫ SSC, 0.1% (w/v) SDS at 65°C for 15 min prior to autoradiography. After three rounds of purifying hybridizations, DNA from positive plaques was prepared using the Midi DNA purification kit (Qiagen, Valencia, CA). Unique clones were identified by restriction mapping and further analyzed by subcloning and DNA sequencing. The complete cDNA sequence of MsaFBP32II was obtained with GeneRacer (Invitrogen) using the following gene-specific primers: MsFBP6.F (5Ј-dAGCCAAATCGTTCAATCTGCC-3Ј) for 3Ј-RACE and MsfbpIIB.R (5Ј-dTGAGCACATATGCGGTATTGTCTG-3Ј) and MsfbpIIA.R (5Ј-dCACACGTGATTGTTGCACCTGAGAC-3Ј) for 5Ј RACE, using liver cDNA as template.
Northern Analysis-Ten g of organ-extracted total RNA or 1 g of liver poly(A) ϩ RNA was resolved by electrophoresis on a 1% (w/v) agarose-formaldehyde gel. RNA was then transferred onto Zeta Probe GT membrane (Bio-Rad) in alkaline solution (3 M NaCl, 10 mM NaOH) after which the membrane was washed in 2ϫ SSC (30 mM sodium citrate, pH 7, 0.3 M NaCl). A cDNA probe was generated with RediPrime II (Amersham Biosciences) using as template an 800-bp PCR amplicon (FNTERMD, 5Ј-dCAAAGCTTTAYAACTAYAARAACGTNGC-3Ј; Rv437BD, 5Ј-dTCGAATTCACCTCNACCTCRCA-3Ј) of the cloned MsaFBP32 cDNA. The resulting probe was hybridized overnight to the membrane (10 6 cpm/ml) in 250 mM Na 2 HPO 4 , pH 7.2, 7% SDS at 65°C after which the membrane was washed in 20 mM Na 2 HPO 4 , pH 7.2, 0.1% SDS at 65°C and imaged by autoradiography.
RT-PCR-MsaFBP32 cDNA was PCR-amplified from 2 l of cDNA generated from total RNA (5 g/20 l RT reaction) extracted from organs using primers fbp34.F (5Ј-dAGGAAGCAGGAATAATGAG-GCACAG-3Ј) and FBP1087.R (5Ј-dTTGGATAAGACCATCTCT-GTC-3Ј). Template DNA was first denatured at 94°C for 2 min followed by 20 amplification cycles (94°C for 15 s, 60°C for 15 s, and 72°C for 1 min) with a declining annealing temperature (Ϫ0.5°C/cycle). This step was followed by an additional 30 amplification cycles annealing at 50°C for 15 s. Amplification of MsaFBP32II (1 l of cDNA) used primers MsFBP5.F (5Ј-dCGGAACAATCGCTGAAATTGG-3Ј) and MsfbpI-IB.R (5Ј-dTGAGCACATATGCGGTATTGTCTG-3Ј) for 30 amplification cycles (94°C for 15 s, 60°C for 15 s, and 72°C for 1 min).
Inducibility of MsaFBP32 by Inflammatory Challenge-Palmetto bass (M. saxatilis ϫ Morone chrysops) (n ϭ 19; ϳ500 g each) were anesthetized as described above, challenged with turpentine by intramuscular injection (0.9 ml turpentine/animal) over three post-dorsal fin sites above the midline, and maintained in a 1.8-m tank at 10 parts/ thousand salinity. Control (uninjected) fish were only anesthetized. Fish were bled and sacrificed at 6, 12, 24, 48, and 72 h after injection and then dissected, and the livers were flash-frozen in liquid N 2 . Total RNA was purified from liver, and Northern analysis was carried out as described above. Serum samples were analyzed for the presence of MsaFBP32 by Western blot.
Cloning and Sequencing of MsaFBP32 Homologues-Various methods were applied to identify F-type lectin genes (or their transcripts) in invertebrate and ectothermic vertebrate species such as mixed oligonucleotide-primed amplification of cDNA procedure (33), genomic DNA library screening, and data base mining. Orthologues of both MsaFBP32 and MsaFBP32II were cloned by PCR from the congener white bass (M. chrysops) using primers for the striped bass and were named MchFBP32 and MchFBPII, respectively.
For mixed oligonucleotide-primed amplification of cDNA, primers were designed to blocks of conserved amino acids using CODEHOP (34) . These primers were used to obtain the initial homologous sequence of DreI-FBPL from Zebrafish (Danio rerio), using genomic DNA as the template. Specifically, primers DFBP1.F (5Ј-dCCACAC-CGAGAAGCAGATGVAYCCNTGGTG-3Ј) and DFBP3.R (5Ј-dAGTTTCCGATGCGGATCTCNRCNCCRTT-3Ј) were used at a final concentration of 0.5 mM using cycling parameters as described for cloning MsaFBP32. The full transcript of DreI-FBPL was then completed with the RLM-RACE kit (Ambion, Austin, TX) using whole body-extracted RNA. Other F-type homologues in Zebrafish were identified by searching the dbEST data base (35) using the deduced polypeptide sequence of MsaFBP32. The CDS of DreIII-FBPL was initially assembled from ESTs obtained from the gonads (GenBank TM accession numbers BI983962 and BQ074381). The sequence was validated by sequencing amplicons obtained by RT-PCR using sex-specific primers, Bre10.F (5Ј-dCGGTTTGTTTCTGGCGAAG-3Ј) and Bre11.F (5Ј-dG- a Reciprocal of highest dilution required to observe a hemagglutination score of ϩ1/2 is given. b AU indicates agglutination units (volume ϫ titer). CAAACAGTCTCCTCTGTGTTC-3Ј), in an anchored-PCR (36) using whole body-extracted RNA.
To complete the rainbow trout (Oncorhynchus mykiss) partial CDS available (GenBank TM accession number T23111), primer Omy7.R (5Ј-dTGGACCTCTATTCCACCGGAGAC-3Ј) was used to amplify the remaining 5Ј end of the liver cDNA prepared with the GeneRacer kit (Invitrogen).
For Drosophila melanogaster, the full CDS of gene CG9095 (www. flybase.org) was obtained by sequencing the clone LP08801 (Genetic Research, Huntsville, AL) and by screening a larval cDNA library with PCR (Stratagene, La Jolla, CA). Expression of the CG9095 gene was confirmed by RT-PCR using RNA isolated from Drosophila embryos, larva, and adults (Clontech) and primers Dme5.F (5Ј-dTCGTCT-TCTCGAATGCGAATCTC-3Ј) and Dme2.R (5Ј-dAAAGTTCAGCG-GCTGGCGGTTGTAGAA-3Ј). For a positive control, primers rp49.F (5Ј-AAGATCGTGAAGAAGCGCAC-3Ј) and rp49.R (5Ј-AACTTCT-TGAATCCGGTGGG-3Ј), which anneal to the ribosomal protein (rp49) cDNA (37) , were used to confirm that cDNA synthesis was complete.
For Xenopus laevis, to first confirm that the 5Ј EST (GenBank TM accession number BE508834) was indeed identical to XLPXN1 (38), anchored PCR was performed using the primer XL1.F (5Ј-dAAG-GTCTTCTCAATTGCGGTGA-3Ј), which anneals to the EST sequence. The complete CDS (Xla-PXN-FBPL) was obtained through 5Ј-RACE using nested primers XL3.R (5Ј-TGC TCA AAA TCA CCA TTC CTC TC-3Ј) and XL4.R (5Ј-TTT CCA CTG TTA AGC CAA AGA CC-3Ј).
To complete the CDS for additional homologues, the plasmid clones from which the EST was produced were obtained and sequenced. The full CDS of DreV-FBPL (GenBank TM accession number CD758445) was completed by sequencing the plasmid clone IMAGE 6960385 purchased from Open Biosystems (Huntsville, AL). However, upon sequencing clones dc23g11 (5593519) and dc10c11 (5592223) (ATCC, Manassas, VA) from which the X. laevis liver 5Ј-EST (GenBank TM accession number BE507877) was obtained, they appeared to be chimeras so the complete CDS of XlaII-FBPL from X. laevis was obtained by anchored PCR using liver cDNA and primer XL8.F (5Ј-dGAATGTTTGGCAGAGGACTG-3Ј) directed to the liver 5Ј-EST.
Several homologues were confidently assembled in silico. Those assembled from deposited EST sequences include the following: Spu-larva (GenBank TM accession numbers CD310754, CD289590, CD307188, and CD304127) from the purple sea urchin (Strongylocentrotus purpuratus); Gac-CDA35-C06 (GenBank TM accession numbers CD508500 and CD508499) and Gac-CDA91-B12 (GenBank TM accession numbers CD498736 and CD498735) from the three-spined stickleback (Gasterosteus aculeatus); and XtrII-FBPL (GenBank TM accession numbers AL660887, AL639100, AL646694, AL656280, AL657713, and AL636894) and XtrIII-FBPL (GenBank TM accession numbers AL657179, AL662666, AL676555, AL655669, and AL6558391) from the clawed frog (Xenopus tropicalis). Finally, three hypothetical transcripts that matched the MsaFBP32 polypeptide were assembled from genome sequence contigs of the pufferfish species, Fugu rubripes (JGI release version 3: Scaffold_599 and Scaffold_237) and Tetraodon nigroviridis (www.genoscope.fr release version 6: scaffold 794_4 and scaffold 461_3), and Zebrafish (DreIV-FBPL) (Ensembl NA11125).
Phylogenetic Analysis-The alignment build and phylogenetic analysis of lectins with CRDs homologous to MsaFBP32 was performed with ClustalX 1.83 (39) . Relationships were analyzed by the distance-based method of neighbor joining.
RESULTS
Purification and Biochemical Characterization of MsaFBP32-A
32-kDa fucose-binding lectin was purified from M. saxatilis liver and designated MsaFBP32. Because the liver is a major producer of plasma proteins, it was reasoned that lectin would be present in serum. The presence of an apparently similar lectin in serum was confirmed, and all further purification was performed on the later source.
Although the first purification step (affinity chromatography) yielded a product highly enriched with a 35-kDa component (SDS-PAGE under reducing conditions), ϳ10% of the affinity resin-bound protein consisted of IgM, as revealed by the presence of 80-and 27-kDa bands on the gel (Fig. 1, left, lane 2) , most likely IgM subunits as reported from other fish species (40) , and the observation from SEC and nonreducing SDS-PAGE of a large molecular weight species (Ͼ500 kDa) that resolves into 80-and 27-kDa bands upon reduction (data not shown). After the second purification step (i.e. size exclusion chromatography), a single 35-kDa band was observed in a silver-stained-SDS-PAGE (Fig. 1, left,  lane 3 ) that exhibited mobility corresponding to ϳ31 kDa in the absence of ␤-mercaptoethanol (Fig. 1, right, 2nd lane) . The farther migrating band suggested the presence of an intra-chain disulfide bridge, which upon reduction resulted in a slower migrating linear polypeptide. By the use of two purification steps, affinity and size exclusion chromatography, the lectin was purified Ͼ400-fold with a 97% recovery of hemagglutinating activity (Table 1) as determined by agglutination of Pronasetreated red blood cells. The decrease in agglutinating activity after the affinity step may reflect the incomplete removal of sugar upon dialysis prior to assaying activity. The increase in specific activity of the size exclusion chromatography-purified lectin was Ͼ400-fold, with the lowest agglutinating concentration of ϳ14 ng/ml. Based on the yields obtained, it was estimated that the lectin is present at ϳ110 g/ml in serum and represents ϳ0.23% of the total serum protein.
Although the purified lectin runs as a single 35-kDa band in SDS-PAGE, denaturing IEF revealed a heterodisperse profile, with five separate bands of pI values of 5.09, 4.97, 4.91, 4.87, and 4.86 ( Fig. 2A) . All bands exhibited identical M r , as determined by two-dimensional PAGE analysis (Fig. 2B) . To assess accurately the lectin subunit mass, ESI-MS was performed. A mass of 32,388 kDa (Fig. 1C) was in close agreement with the results obtained by SDS-PAGE and did not point to any major mass contributions by post-translational modifications. In reference to its source species, affinity, and subunit size, the lectin was named MsaFBP32. No covalently bound carbohydrate could be detected in MsaFBP32 (data not shown), which excludes carbohydrate-based microheterogeneity as a source for the multiple IEF bands observed.
The quaternary structure of AAA as established from the crystal structure is that of a noncovalent trimer (12) . To investigate if MsaFBP32 associates in a similar trimeric structure, its hydrodynamic behavior was examined by SEC on a calibrated Superose 12 column. The SEC elution profile (Fig. 3) revealed a symmetric peak corresponding to the size of the polypeptide (35.5 kDa) rather than that expected for a trimer (96 kDa). Treatment of the purified lectin with stoichiometrically increasing amounts of bis-sulfosuccinimidyl suberate, a water-soluble, homobifunctional cross-linker that is not susceptible to cleavage by ␤-ME, produced an ever increasing number of larger molecular species, which are separated by migration distances corresponding to the monomer weight (Fig. 4) .
Carbohydrate Specificity of MsaFBP32-To determine the carbohydrate specificity of MsaFBP32, a panel of mono-, oligo-, polysaccharides, and glycoproteins was tested for inhibition of hemagglutination. Of the aldopyranoses tested, L-Fuc inhibited at the lowest concentration (Table 2) . Preference for the L-conformation was revealed when comparing inhibition with each enantiomer of deoxygalactose (i.e. fucose) and galactose. However, L-mannose and other sugars with similar conformation failed to inhibit significantly. The ␣-anomers (i.e. methylated sugars) were preferred over the ␤-anomers, and the presence of a bulky substituent (i.e. nitrophenyl) at C-1 did not significantly affect binding. Another feature of L-Fuc that contributes to its specificity is the deoxy state of C-6 as indicated by the reduced inhibition by L-galactose. To determine whether MsaFBP32 bound L-Fuc in linkages commonly present in natural glycans, hemagglutination inhibition was tested with oligosaccharides representing the ABO (i.e. H-dissacharide) and Lewis (i.e. 3-fucosyllactose) blood groups and N-glycan core modifications (i.e. 
TABLE 3 Edman sequencing of amino terminus and internal peptides of MsaFBP32
Residues in parentheses represent the most abundant amino acid when multiple peaks were produced during a degradation cycle. When an amino acid could not be assigned with certainty, the residue was designated with an X. NA indicates not applicable.
Peptide name
Digestion enzyme Peptide sequence
). All four fucosylated oligosaccharides inhibited agglutination (albeit at higher concentration than the monosaccharide), suggesting that the terminal L-Fuc is sufficient for binding. The presence of a subterminal GlcNAc appeared to enhance inhibition despite the monosaccharide not exhibiting significant inhibition by itself. Despite a common binding activity for L-Fuc, the carbohydrate specificity of MsaFBP32 exhibited striking differences with AAA (Table 2) . Although MsaFBP32 did not show any preference for L-Fuc bound in ␣1-2 or ␣1-3, AAA binds with higher affinity ␣1-2-linked L-Fuc, such as in the H-disaccharide and 2Ј-fucosyllactose. This finding is further supported by the observation that MsaFBP32 agglutinated ABO erythrocytes at approximately the same titer (data not shown), whereas AAA is known to exhibit a strong specificity for the H blood group substance (41).
When glycoproteins and polysaccharides were tested, fucosylated gastric mucins such as porcine stomach mucin and bovine submaxillary mucin (42, 43) were effective inhibitors, in contrast to fetuin, a nonfucosylated glycoprotein. Hydrolysis of terminal sialic acids did not affect inhibition. No inhibition of agglutination was observed with algal fucoidan despite being a fucose homopolymer (44) .
Requirement of Divalent Cations-The effect of chelating agent on hemagglutinating activity was tested in order to determine whether cations are required for binding. Chelation was performed by dialysis against EDTA at low pH to maximize cation release from the protein.
No effect was observed on hemagglutinating activity relative to the untreated lectin (data not shown). It is noteworthy in this regard that during purification the lectin failed to be released from the affinity matrix by 20 mM EDTA, a concentration that typically elutes calciumdependent lectins. Furthermore, increasing concentrations of calcium in hemagglutination tests failed to enhance titers (data not shown).
Primary Structure Analyses and cDNA Cloning-To elucidate the primary structure of the protein, we cloned the cDNA encoding the full lectin sequence. For this procedure, a partial polypeptide sequence was obtained by Edman degradation from selected peptides obtained from the enzymatically digested purified lectin. In addition to the N-terminal sequence, six unique peptide sequences were obtained (Table 3) . Five peptides resulted from trypsin digestion, thereby contributing additional information of the residue preceding the cleavage site. These peptides were then used for the design of primers to be used in a mixed oligonucleotide-primed amplification of the cDNA procedure (33) . A forward primer was designed from the reverse-translated N-terminal peptide sequence, and among internal peptides, those with the lowest codon degeneracy were chosen for designing reverse primers. The longest PCR amplicon of 750 bp (data not shown), amplified with primers FNTERM and v437bD, exhibited an open reading frame that contained all other peptides. Extension of this sequence by RACE yielded the fulllength transcript (Fig. 5) , as indicated by the multiple stop codons inframe prior to the putative start methionine and after the first stop codon of the open reading frame. A 78-nucleotide 5Ј-UTR precedes the putative translation start site, and a 121-nucleotide 3Ј-UTR spans from the stop codon to the polyadenylation site resulting in a 1,133-nucleotide transcript excluding the poly(A) ϩ tail. Homology Modeling-The C-␣ backbone of both the N-and C-CRD of MsaFBP32 were modeled through most of the polypeptide except for those segments in which the sequence has diverged from AAA, particularly for loops that are typically difficult to model ab initio. Nevertheless, all of the CRD residues involved in ligand binding were still confidently modeled (Fig. 6) .
Gene Organization-The complete gene sequence of MsaFBP32 was obtained from a single clone (Msfbp15) isolated by screening a bacteriophage library. Most interestingly, the full insert sequence from this clone (15 kb) revealed duplicate genes with identical transcription polarity (Fig. 7A) . Based on cDNA sequence identity, MsaFBP32 is encoded by the downstream gene (MsaFBP32). The upstream homologue was designated MsaFBP32II. To examine the potential co-expression of MsaFBP32II, with MsaFBP32, liver cDNA was used for PCR amplification with primers designed incorporating nucleotide differences specific to MsaFBP32II. The positive amplification of a 930-bp band confirmed that both F-type lectin genes were co-expressed in the liver (data not shown). The full cDNA sequence of MsaFBP32II was obtained by RACE revealing a 1.4-kb cDNA transcript. The deduced protein sequence consisted of 293 residues (32,304 Da, pI 5.74) with 78% amino acid identity to MsaFBP32 (Fig. 7B) . The difference between both genes is most pronounced in the 5Ј-and 3Ј-UTRs, which present not only nucleotide but also length differences. The MsaFBP32 gene is compact (3.5 kb), like many teleost genes, and consists of six exons, the last five encoding the open reading frame. The 5Ј-UTR is isolated in the first exon, and the signal sequence is encoded in the second exon, which also includes the first three amino acids of the mature protein sequence. The 3Ј-UTR is continuous with the last coding exon. As for the CRDs, each is encoded by two exons (N-CRD, exon 3-4; C-CRD, exon 5-6) with intron splice sites in identical positions respective to the primary structure. The phases of introns interrupting the coding exons are as follows: intron 2 (1), intron 3 (2), intron 4 (1), and intron 5 (2). A sequence similarity search revealed the presence of a Tc1/mariner-like element (46) pseudogene in intron 2 of the MsaFBP32 gene. Curiously, it lies contiguous to exon 3, and its transcriptional direction would be oriented opposite to that of the lectin. This feature is not present in MsaFBP32II. PCR amplification of the FBP32 gene from the congener, M. chrysops, revealed that this orthologue also possesses the pseudogene. However, the intron size is almost double, whereas others remained close in size. It is of note that additional gene copies appear to lie upstream of MsaFBP32II as another bacteriophage clone detected during the initial screen, but which has not been subcloned, maps to the 5Ј end of the Msfbp15 sequence (data not shown).
Northern Analysis-The length (1,133 nucleotides) of the sequenced transcript was confirmed by Northern blot analysis of liver RNA (Fig. 8 ). An additional larger albeit weakly hybridizing band was observed migrating closely to the main transcript.
Survey of Sites of Gene Expression-A Northern blot screen for MsaFBP32 transcripts in several organs and tissues indicated that, in addition to liver, the intestine expresses a similarly sized albeit weakly hybridizing mRNA, and the gills may express a larger transcript (data not shown). A survey by RT-PCR (Fig. 9) , a more sensitive technique, demonstrated that although MsaFBP32 is expressed primarily in the liver, transcripts are also present at relatively lower levels in the gill, skin, brain, heart, intestine, skeletal muscle, and posterior kidney. In contrast, MsaFBP32II is abundantly expressed in gill, skin, spleen, intestine, posterior kidney, anterior kidney, and especially heart.
Inducibility of MsaFBP32 by Inflammatory Challenge-In Northern analysis (data not shown), the hybridization signal on the MsaFBP32 cDNA-probed blots was normalized to the intensity of the 28 S rRNA band stained with ethidium bromide in order to correct for loading differences. Band intensity was not significantly different among treated fish and controls prior to the 48-h post-injection, after which the band intensity rose ϳ3-fold at 72 h post-injection. Purification yields and analysis of serum by Western blot also revealed the presence of similar levels of MsaFBP32 in experimentally challenged and control fish during the first 48 h, suggesting that although it is a constitutively expressed protein, gene expression can be enhanced by inflammatory challenge.
Cloning and Sequencing of MsaFBP32 Homologues; Identification of a Novel Lectin
Family-To explore the distribution of this lectin motif among other phyla, the following two approaches were taken: gene data base searching and the use of degenerate primers for PCR. A query with the MsaFBP32 polypeptide sequence by BLASTP (version 2.2.10) revealed the presently described homologues from Japanese eel (13), the Xenopus XLPXN1 (38) and X-epilectin (47) , and the purple sea urchin SpCRL (48) . From the genome of D. melanogaster, two putative receptors were identified. Initially, only CG9095 (GenBank TM accession number AAF48429) presented the CRD; however, the amended sequence of the furrowed gene (GenBank TM accession number AE003487) substantiated by EST reveals similarity to CG9095 but encodes 10 complement control domains instead of three. Orthologues of these receptors are also detected in the mosquito, Anopheles gambiae (GenBank TM accession number AAAB01008846 and AAAB01008811). A similarity search in bacterial proteomes identified the hypothetical protein (GenBank TM accession number ZP_00065873) from Microbulbifer degradans, a Gram-negative with broad polysaccharide substratedegrading capability (49) , and a gene (GenBank TM accession number AE007504) that is part of the L-Fuc catabolic regulon (50) in the Grampositive Streptococcus pneumoniae. Of the other currently available genome sequences (i.e. human, mouse, chicken, tunicate, nematode, fungi, plant, protists, and bacteria), only the pufferfish contain homologues. Specifically, two copies of a two-tandem domain MsaFBP32-like gene sequence (FBPL), possessing identical exon organization as the MsaFBP32 gene, were identified. Most interestingly, a full CRD (GenBank TM accession number AACY01585674) was detected in the sequence produced from filtered microorganisms collected in the Sargasso Sea (51) .
A search in dbEST using tBLASTN (version 2.2.6) for genes homologous to MsaFBP32 identified numerous candidates. Either a complete CDS could be discerned, such as for the common carp (Cyprinus carpio) (GenBank TM accession number AU183512), skate (GenBank TM accession number CO049457), and axolotl (GenBank TM accession number CN051107), or could be assembled from the information available, such as for the sea urchin and the three-spined stickleback. Other ESTs encoded at least one complete FBPL, such as for the oyster (GenBank TM accession number CD647591 and CD646763) and flatworm (Dugesia japonica) (GenBank TM accession number BP188149), but these are only partial transcripts because they lack a translation start codon. Full transcripts were also completed for selected candidates by designing primers to the EST for use in RACE. For the rainbow trout, the EST sequence was extended (Omy-FBPL4) to reveal three additional CRDs upstream. Numerous ESTs from X. laevis (e.g. GenBank TM accession numbers BE509406 and AW767373), distinct from the previously described XLPXN1, also matched the MsaFBP32 CRD motif, including one transcript which after completion by RACE revealed four tandem domains (i.e. XlaII-FBPL). It is noteworthy that one EST (GenBank TM accession number BE508834) revealed that the published XLPXN1 cDNA sequence (38) was truncated, because completion of the full transcript (Xla-PXN-FBPL) by RACE revealed five tandemly arrayed lectin domains upstream from the pentraxin domain. Complementary DNA libraries produced from the neurula stage of X. tropicalis yielded new arrangements of F-type domains clearly distinct from the single domain X-epilectin described in X. laevis (47) . One hypothetical transcript, XtrII-FBPL, encodes two tandem domains similar to those of MsaFBP32 whereas a second hypothetical transcript, XtrIII-FBPL, encodes three tandemly arrayed domains.
The second approach for searching MsaFBP32 homologues in other fish species made use of degenerate primers designed to conserved regions identified by alignment of multiple amino acid sequences. A 138-bp amplicon obtained by PCR amplification from Zebrafish genomic DNA contained a partial sequence of an MsaFBP32 CRD domain homologue. The sequence was extended by RACE to obtain a full-length transcript (1,373 bp) and designated Dre-FBPLI. Screening a Zebrafish genomic DNA library with this cDNA as a probe identified a clone (Zf10) with a partial sequence for Dre-FBPLI (data not shown) and a second unique clone (Zf13) encoding a single CRD motif, which was designated Dre-FBPLII. A third unique homologue apparently expressed by the gonads, Dre-FBPLIII, was identified in dbEST and completed by RACE, revealing that it possesses two tandem CRD domains. A similar domain organization is present in DreV-FBPL, which was obtained from a head kidney-derived cDNA clone (GenBank TM accession number CD758445). Results of this effort are summarized in a multiple amino acid sequence alignment (Fig. S1) , which includes the secondary structural features identified in AAA.
Phylogenetic Analysis-To explore the ancestry of the MsaFBP32 homologues, a tree was constructed based on genetic distance. The phylogram failed to resolve the ancestry of the domain (data not shown), which can be explained by the apparent lack of orthologues with similar domain arrangement within distant taxa. Similar distance analysis of homologues possessing only two tandem domains (Fig. S2 ) strongly suggests that gene duplications have occurred independently in the bass and stickleback lineage. Therefore, even within teleosts there is no clear orthologies between lectin genes except within the closely related bass (M. saxatilis versus M. chrysops) and pufferfish (F. rubripes versus T. nigroviridis) species. The interesting, albeit weak, grouping of DreI and XtrII suggests a possible orthology between the FBPLs of tetrapods and ray-finned fish. 
DISCUSSION
The biochemical and molecular properties of a 32-kDa fucose-binding lectin (MsaFBP32) isolated from liver and plasma of the striped bass, M. saxatilis, were characterized. Affinity chromatography followed by SEC resulted in a highly purified preparation of MsaFBP32, as judged by the single band present in SDS-PAGE under reducing conditions. The higher electrophoretic mobility in the absence of ␤-mercaptoethanol suggests that at least one intra-chain disulfide bond is established within the MsaFBP32 polypeptide subunit. Under standard husbandry conditions in an aquaculture setting, MsaFBP32 comprises ϳ0.23% of total serum protein at a concentration of ϳ110 g/ml in serum, a value that may moderately increase 72 h after an inflammatory challenge. Purification of a similar fucose-binding lectin from serum of the Japanese eel (A. japonica) estimated a relatively higher concentration of lectin (1.5 mg/ml) (52), whereas from the European eel (AAA) the concentration was only slightly higher (0.25 mg/ml of serum) (53) than in MsaFBP32. However, MsaFBP32 and AAA are distinct in their subunit molecular weights, with the former substantially larger (32 kDa, from ESI-MS) than the latter (20 kDa) (54) . Most interestingly, the deduced polypeptide sequence from the MsaFBP32 cDNA revealed duplicated sequence motifs very similar to that of the CRD present in AAA, whose structure has been resolved (12) . Therefore, MsaFBP32 represents a novel fucosebinding lectin with tandemly arrayed domains homologous to AAA and suggests that substantial diversification of this lectin has occurred within the teleosts.
IEF analysis revealed charge microheterogeneity in MsaFBP32. However, in contrast to the closely related tachylectin-4 (14) , no covalently bound carbohydrate could be detected in MsaFBP32, thereby excluding carbohydrate-based microheterogeneity as a source for the heterodispersity observed. The source of the observed MsaFBP32 heterodispersity remains to be determined, but polymorphisms in the primary sequence or multiple copy genes could produce such an effect. Indeed, the existence of multiple fucolectin isoforms was detected in the Japanese eel (13) , and examination of electron densities in AAA revealed positions at which alternative residues could be identified (12) . Furthermore, upon obtaining the genomic sequence for MsaFBP32, a second gene copy was discovered upstream, which in the liver is co-expressed with MsaFBP32, and the presence of additional homologues of MsaFBP32 and MsaFBP32II cannot be ruled out. Clearly, both in eel and bass these lectin genes have apparently expanded in number, which would potentially result in recognition of an increased repertory of ligands.
Results from crystallography of AAA suggest that the quaternary structure of this lectin is of a noncovalent associated trimer with cyclic symmetry, in agreement with results of native size estimation through SEC (12) . However, the hydrodynamic behavior of MsaFBP32 under similar experimental conditions failed to reveal equivalent oligomerization. The AAA trimer involves loose contacts but no obvious interaction, except for the burial of a large surface area, to explain its tendency for oligomerization. One conspicuous feature is Lys 16 , which interacts with the chlorine anion that forms the axis of symmetry for the trimer. Alignment of the AAA and MsaFBP32 sequence motifs reveals a conserved Lys in both MsaFBP32 CRDs (Lys 11 and Lys 159 ). However, MsaFBP32 treatment with a primary amine-specific cross-linking agent failed to produce a predominance of molecular weight species that would be expected if these Lys residues were proximal, such as in a trimer. The progressively incrementing pattern observed on SDS-PAGE most likely reflects a polymerization effect, rather than the discrete oligomerization observed in AAA. However, although under the experimental conditions established, MsaFBP32 behaves as a 32-kDa monomeric protein, this should not exclude the possibility that oligomer formation may be dependent on solvent conditions not yet tested or higher protein concentrations. For the Didemnum candidum lectin, sedimentation equilibrium analysis revealed a striking concentrationdependent aggregation (55) .
Like other animal Fuc-binding lectins whose specificity has been characterized in detail, such as AAA (41) and the Japanese horseshoe crab lectin tachylectin-4 (14), MsaFBP32 recognizes L-fucose, a monosaccharide that is frequently present as a nonreducing terminal sugar of animal glycoconjugates (56) . Although preference for the L-conformation was evident from inhibition results with both enantiomers of deoxygalactose and galactose, L-mannose and other sugars with similar conformation failed to inhibit significantly. In contrast to other naturally abundant aldopyranoses, fucose is predominantly present as a 1 C 4 chair because of its L-conformation. That L-mannose adopts this same conformation but does not inhibit, points to the axial C-4 hydroxyl present in fucose as a critical determinant for binding. The configuration at the anomeric carbon of L-Fuc is also important for binding, as demonstrated by the preference for the ␣-over the ␤-anomer. The presence of a bulky substituent (i.e. nitrophenyl) at C-1 did not significantly affect binding of the ␣-anomer, suggesting that steric exclusion of the ␤-anomer is responsible for the observed preference, rather than an interaction with the ␣-anomeric hydroxyl. However, the strong selectivity for the ␣-anomeric configuration of L-Fuc by AAA, as suggested by the biochemical information (41) and in agreement with its exclusive presence in the AAA-binding site (12) because of steric hindrance expected for the ␤-configuration, was not equally observed in MsaFBP32. The lower inhibitory potency of the blood group H-disaccharide (Fuc␣2Gal) for MsaFBP32, as compared with AAA, may reflect subtle structural differences between these lectins, which relate not only to the anomeric linkage but to contributions of the subterminal Gal to enhance disaccharide binding by AAA. Finally, a third feature of L-Fuc that would determine its properties as the preferred ligand for MsaFBP32 is the deoxy state of C-6, as revealed by the reduced inhibitory ability of L-galactose. However, that tachylectin-4 is equally inhibited by L-Fuc and sialic acid, a frequent terminal sugar of glycoconjugates, is quite perplexing because it is not clear how this acidic monosaccharide could dock in the L-Fuc-binding site as their configurations are so dissimilar. It is also intriguing that the minimum inhibitory concentration of L-Fuc that abrogates hemagglutination of tachylectin-4 is considerably higher (i.e. 1000-fold) than that required to inhibit MsaFBP32 and AAA (57) , which may reflect intrinsic differences between these lectin homologues. However, this finding may also reflect the differences in the assay design employed in each study. In oligosaccharide chains of glycoconjugates, such as human blood group substances, L-Fuc is commonly found as the nonreducing terminal sugar. Although the presence of a nonreducing terminal L-Fuc is sufficient for binding of MsaFBP32, certain subterminal sugars and/or anomeric linkages commonly present in natural glycans appeared to modulate its binding specificity. Furthermore, although MsaFBP32 and AAA share a similar CRD sequence motif, their carbohydrate specificity exhibits differences in the preference of L-Fuc bound in ␣1-2 or ␣1-3. The specificity of AAA for ␣1-2 linked L-Fuc, such as in the H-disaccharide and 2Ј-fucosyllactose, was not observed in MsaFBP32. The lack of inhibition observed with fucoidan, an algal fucose homopolymer (44) , could be attributed to either its sulfated hydroxyls at C-4 or branching at C-2. In summary, hemagglutination and hemagglutination-inhibition results suggest that critical requirements for MsaFBP32 binding are that L-Fuc must be at the nonreducing end and that hydroxyls at C-3 and C-4 are unsubstituted. The 1 C 4 chair conformation placing unsubstituted hydroxyls axial at C-4 and equatorial at C-3, the axial hydroxyl at C-1 in the ␣-anomer, the deoxy-C-6, all appear to contribute to the preferential binding of terminal ␣-L-fucose. Furthermore, as discussed above, significant differences exist between the binding sequence motifs of each of MsaFBP32 CRDs, which may also lead to differences in ligand preference. The agglutinating activity of MsaFBP32 does not appear to be dependent on the presence of divalent cations. The crystal structure of the AAA indicates a calcium atom embedded in the fold, but it does not directly participate in ligand binding, as is the case for C-type lectins (58) . Indeed, AAA is not eluted during affinity chromatography upon addition of EDTA (57) . Unlike MsaFBP32 and AAA, however, the activity of tachylectin-4 is dependent on calcium and the presence of calcium chelators (14) . Yet, by analogy to AAA, this is unlikely because of its removal from the cation-binding site because it appears inaccessible to chelating agents (12) . It is possible that for the single CRD tachlylectin-4 calcium mediates its oligomerization producing an active multivalent receptor and that upon chelation the multimer dissociates abrogating hemagglutination (14) .
Although MsaFBP32 and AAA are clearly homologous proteins, MsaFBP32 exhibits notable differences with the L-Fuc-binding/disulfide motif (
The N-CRD exhibits a sequence motif (C 1 XHX 24 RGDC 2 C 2 XER-XX 16 XX 22 C 1 ) most similar to AAA, except that it is missing the disulfide between the two ␤-sheets that form the lectin. In contrast, the C-CRD (C 1 XHX 24 R-DXXXERC 3 X 16 C 3 X 22 C 1 ) conserves this structurally relevant disulfide but is missing the contiguous disulfide observed to interact with L-Fuc in AAA (12) . Despite these differences, the basic residues that form hydrogen bonds to L-Fuc are conserved in both domains, suggesting they bind L-Fuc. Most interestingly, this divergence between the tandemly arrayed CRDs appears unique to the two-domain homologues as identified in teleost fish and not present in homologues with higher order structures. It is unknown what tertiary structure MsaFBP32 adopts, but because the N-and C-terminals exit together in AAA, it is likely that the tandem domains orient opposite to each other. Most interestingly, the polypeptide of several of the fucolectin isoforms (GenBank TM accession number BAB03524, BAB03525, and BAB03529) from the Japanese eel terminate in a Cys residue that can potentially mediate an intermolecular disulfide bridge, yielding a lectin with tandem CRDs. This observation may explain previous results from analysis by SDS-PAGE of eel serum fucolectin after treatment with reducing agent where the lectin appeared composed of a disulfide-linked homodimer (13, 53, 54, 57, 59) .
The close similarity of the polypeptide sequence of MsaFBP32 tandem domains to that of AAA suggests that they should share very similar structural features (60). As described above, however, the protein sequence alignment of MsaFBP32 with AAA revealed not only the differences between the two proteins but also differences between the two tandem CRDs of MsaFBP32. To investigate the potential structural consequences of this CRD divergence, homology modeling was applied to MsaFBP32. Comparison of the CRDs of MsaFBP32 to the single CRD present in AAA revealed that the N-CRD is most like AAA in that it possesses the basic residues that form hydrogen bonds with L-Fuc, the aromatic Phe that interacts with the C-6 methyl group, and a similar loop presenting a disulfide bridge that contacts the monosaccharide ring. This last feature is missing from the C-CRD. However, the Arg residues and His responsible for bonding to ligand in AAA are present in the C-CRD, and the Phe has been conservatively substituted with Trp, suggesting the C-CRD likely binds L-Fuc. The effect on binding L-Fuc in the absence of the disulfide bridge is presently unclear, as are the effects of changes evident in the proximal loop that likely mediates binding to extended ligand structures. Both are the subject of current research.
The gene organizations of MsaFBP32 and its second copy (MsaFBP32II) upstream of MsaFBP32 were elucidated, and to our knowledge, these are the first gene structures of lectins homologous to AAA to be reported. The completed gene sequences of both MsaFBPs indicate that the tandem CRDs are separated by an intron and that each CRD is encoded by two exons. Based on homology to AAA, this CRD intron does not appear to be a source for either saccharide-binding site or structural variation. The presence of flanking phase 1 introns are proposed to be conducive to protein domain shuffling as these are present in domains commonly found in mosaic proteins (61) . This appears to be the case for the multiple tandem domains and mosaic structures in the MsaFBP32 homologues identified in this study for which the genomic sequence is available, such as the pufferfish representatives. In the Drosophila CG9095 and furrowed genes, both introns that are expected to separate the F-type domain, C-type lectin domain, and CCP domain from each other appear to have been lost.
The presence of duplicated genes in tandem (MsaFBP32 and MsaFBP32II) in M. saxatilis suggests that in moronid teleosts MsaFBP genes may be present as a cluster of multiple gene copies, the numbers of which remain to be determined. For MsaFBP32 and MsaFBP32II, the timing of the duplication event can be roughly estimated by the presence of the transposon pseudogene, which represents a rare genetic event. Its presence in the Morone spp. lectin orthologue genes, but not in the paralogues, suggests these genes duplicated prior to the speciation of M. saxatilis and M. chrysops. Furthermore, based on the close distances between MsaFBP32 homologous lectin sequences identified in several fish species, including between the MsaFBP32 and MsaFBP32II genes, it is most plausible that gene duplications occurred independently in various lineages of the Percomorpha. The presence of multiple fucolectin transcripts in the Japanese eel also suggests these are encoded by multiple genes, giving support to the scenario that multiple MsaFBP32 homologous lectin genes are present throughout most teleosts. As suggested previously for the eel fucolectins based on the AAA structure, the multiplicity of homologous lectins expressed simultaneously may enable recognition of an increased ligand repertoire, which would be consistent with a nonself recognition role in innate immunity.
In addition to its role in nutrient metabolism, the liver is the principal producer of acute phase reactants such as pentraxins, released into circulation (62) , and appears to be the site of most abundant expression of MsaFBP32. However, like pentraxins (63), its expression is not restricted to the liver, as other organs and tissues also express MsaFBP32, albeit to a lesser extent. In contrast, although MsaFBP32II is also expressed in the liver, stronger expression was detected in the heart and other organs, such as gill, which suggests these genes have diverged in their controls for spatial expression. Similarly, several isoforms of the Japanese eel lectin are also expressed in gill (13) . Inspection of the annotation of ESTs identified as MsaFBP32 homologues in numerous vertebrate species also revealed widespread organ expression of these genes. For example, in the adult X. tropicalis the orthologue of Xla-PXN-FBPL is expressed in the liver, lungs, and body fat; however, the role(s) of these proteins at these sites remain to be elucidated.
An inflammatory challenge enhanced MsaFBP32 expression, with transcripts raising from constitutive levels to a 3-fold increase by 72 h post-challenge, a relatively slow kinetics of expression as compared with most mammalian acute phase reactants (62) . An in vitro experiment challenging eel hepatocytes also produced a relatively delayed expression of fucolectin (13), but earlier than observed for the bass. Pentraxins, which also exhibit lectin activity, are the prototypical mammalian acute phase reactants, and their levels in plasma may rise 10 3 -fold in 2 days (64). Homologues of this protein family are present in teleosts (65) , but the kinetics of expression for those analyzed to date (66, 67) do not reflect the dramatic increases in plasma concentration observed in mammals, and factors related to the ectothermic physiology of teleosts may underlie this difference. Reproducible purification yields and analysis of serum by Western blot suggest that MsaFBP32 is a constitutively expressed protein, and its basal levels of MsaFBP32 are relatively high under the standard husbandry conditions. In aquaculture settings, confinement may be responsible for a "basal" stress level (68) , and this may result in the apparently constitutive expression of innate immune recognition factors such as MsaFBP32.
The identification of a large number of proteins exhibiting the MsaFBP32 sequence motif as multiple tandemly arrayed domains, and in various combinations with other domains, enabled the establishment of a novel lectin family, which we propose following the current convention be designated as the F-type lectin family, characterized by the unique F-type CRD. Furthermore, novel domain combinations of the F-type CRD in F-type lectin family representatives present in both prokaryotes and eukaryotes suggest its extensive functional diversification in the evolution. The variety of sequences identified as encoding F-type domains also illustrates the predominance of domain duplication and domain shuffling (Fig. 10) . From unitary domains to quaternary expansions of this lectin CRD are presently identifiable in genome data bases. From all sequences examined, both Drosophila F-lectin representatives (CG9095 and furrowed) and the sea urchin SpCRL (48) possess the greatest diversity of domains in combination with the F-type domain, including complement control domains (CCP), a C-type lectin-like domain (CTLD), and a predicted transmembrane domain, for Drosophila, and CCP, S/T/P domain, and factor I-membrane attack complex domain for the sea urchin. It is noteworthy that in CG9095 the C-type lectin domain is unlikely to bind carbohydrate because the canonical residues of the CRD are missing (69) . In the Xenopus Xla-PXN-FBPL, another mosaic protein, a pentraxin domain is joined to multiple F-type domains. In contrast with the pentraxin domain, for which few examples are available (70), CCP and CTLD domains are widely distributed among mosaic proteins. Most interestingly, the hypothetical protein of M. degradans, a microorganism capable of degrading diverse polysaccharides, has an F-type domain that adjoins the structurally analogous F5/8 discoidin domain (71) of coagulation factors. The association of these two analogous domains is intriguing from an evolutionary perspective because they share the same fold (12) despite showing weak sequence homology. It is possible that these domains perform roles analogous to the so-called carbohydrate-binding modules present in microorganisms (72) for which similarities have already emerged (73) . The considerable diversity evident from these topologies, in which the binding site motif is strictly conserved, suggests a diverse spectrum of functions fulfilled by specific recognition of L-Fuc.
Most F-type lectins identified appear to be secreted proteins except for the abovementioned homologues present in dipterans. Both CG9095 and furrowed appear to be integral membrane protein receptors based on the presence of a predicted transmembrane domain close to their C terminus. Because it is apparent that O-fucosylation is important for signaling (74) during varied cellular interactions, the biological roles of these F-type CRD-containing receptors may relate to modulation of cell functions. However, it is unclear if the F-type CRD of these putative receptors recognize L-Fuc because they lack several of the canonical residues present in AAA.
The phylogenetic distribution of the F-type domain appears intermittent, which suggests that gene loss may have been a frequent event for this lectin family. As in higher vertebrates, the genomes from invertebrate phylum representatives such as the nematode C. elegans and the ascidian Ciona intestinalis, do not appear to contain the F-type domain despite its presence in closely related (75) and early deuterostomes (i.e. sea urchin), respectively. A similar spotty distribution is evident in eubacteria, where from all the numerous species for which a genome has been made available, the F-type domain is only detectable in one Gram-positive (M. degradans) and one Gramnegative (S. pneumoniae) species. It is noteworthy that this domain can be found in both an encapsulated, pathogenic strain of S. pneumoniae (76) and an uncapsulated, avirulent strain (77) but not in any other streptococci (78) . The presence of the F-type domain in such few bacteria could suggest that this particular lectin domain either arose early in evolution and was subject to secondary loss or that it was horizontally transferred from metazoans to selected bacterial taxa. To our knowledge, only a single case of complete domain loss has been reported (79) as even extensively diverse protein families are conserved in some form.
For the F-type lectin family, inspection of the F-type CRD alignment reveals the strong conservation of cysteines implicated in disulfide bridge formation in the F-type fold. Several F-type CRDs, including both bacterial representatives, however, lack the otherwise conserved cysteines, although the basic residues that interact with ligand are conserved. In the N-CRD of MsaFBP32, the disulfide bridge that stabilizes the lower side of the ␤-sandwich in AAA has been lost, and this change correlates with the loss of the intervening Gly to the preceding ligandbinding Arg. This disulfide bridge may serve to constrain CDR4 as it is placed at the vertex, so that its absence may be compensated by the shorter and more constrained loop. It is also evident that the ligandbinding residues are conserved in most family members with a few exceptions in which some or all three basic positions are substituted for residues that are unlikely to bind L-Fuc (e.g. Drosophila CG9095). In addition, most of the family members show conservation in residues coordinating Ca 2ϩ through side chains (AAA: Asp 38 , Ser 49 , and Glu 147 ), but Ser 49 appears, albeit infrequently, to mutate into nonsynonymous substitutions. The potential consequences of this change are not immediately apparent, but some substitutions are bound to affect this coordination bond.
Within the teleosts, the tandem duplicate F-type domains of MsaFBP32 demonstrate that in addition to the single domains as represented by eel F-lectins, higher order CRD arrangements also exist. Identification of a polypeptide with four tandem F-type domains, the rainbow trout homologue, indicates that this is the case. Eels represent an early branch of teleosts (80) , and it could be hypothesized that the single CRD represents the ancestral state of this lectin family within the rayfinned fish, and the completion of pufferfish genomes enabled examining the possibility that a single taxon may possess single to multiple domain combinations. However, a pairwise sequence search only detected two paralogues similar in structure to MsaFBP32, but no eellike or rainbow trout-like F-type lectins appear to be present in pufferfish species. This finding suggests that single domain F-type lectins were likely lost in modern teleosts such as pufferfish and bass, and that the four-tandem domain structure is unique to the salmoniformes. In summary, binary FBPLs have diversified through lineage-dependent gene duplications and speciation events producing a combination of paralogous relationships unique to teleosts. In contrast, in Xenopus spp. frogs not only are single domain F-type lectins expressed but also combinations of two, three, four, and chimeric protein containing five tandem F-type domains adjacent to a pentraxin domain. Clearly, Xenopus spp. exhibit a greater diversity of F-type lectins than the pufferfish. Despite the diversity evident in this early tetrapod, however, no homologues are detectable in genomes of higher vertebrates, including reptile and avian representatives. This observation begs the question if this lectin family is uniquely restricted to invertebrates and cold-blooded vertebrates and was subsequently lost as such above the level of the amphibians. Specifically, the F-lectins may have either became truly extinct or have been co-opted into other biological roles, which in the course of evolution may have imposed structural constraints such as proposed for the C-1 and C-2 domains of the coagulation factors V and VIII (12) .
